Legumains or vacuolar processing enzymes are cysteine peptidases (C13 family, clan CD) with increasingly recognized physiological significance in plants. They have previously been classified as seed and vegetative legumains. In this work, the entire barley legumain family is described. The eight members of this family belong to the two phylogenetic clades in which the angiosperm legumains are distributed. An in-depth molecular and functional characterization of a barley legumain from each group, HvLeg-2 and HvLeg-4, was performed. Both legumains contained a signal peptide and were located in the endoplasmic reticulum, were expressed in seeds and vegetative tissues, and when expressed as recombinant proteins showed legumain and caspase proteolytic activities. However, the role of each protein seemed to be different in their target tissues. HvLeg-2 responded in leaves to biotic and abiotic stimuli, such as salicylic acid, jasmonic acid, nitric oxide, abscisic acid, and aphid infestation, and was induced by gibberellic acid in seeds, where the protein is able to degrade storage globulins. HvLeg-4 responded in leaves to wounding, nitric oxide, and abscisic acid treatments, and had an unknown role in the germinating seed. From these results, a multifunctional role was assumed for these two phylogenetically distant legumains, achieving different physiological functions in both seed and vegetative tissues.
Introduction
Proteolysis is a crucial process in plants that involves different types of proteases, mainly cysteine, serine, aspartic, and metallo-proteases (van der Hoorn, 2008) . The MEROPS database (Rawlings et al., 2012) contains all the currently known peptidases grouped in clans. Clans represent one or more families that show evidence of their evolutionary relationship by their similar tertiary structures, or, when structures are not available, by the order of catalytic-site residues in the polypeptide chain and often by common sequence motifs around the catalytic residues. Currently, there are 76 families of cysteine peptidases: 51 families are included in nine clans formed exclusively by cysteine peptidases, 16 families are included in four clans that comprise peptidases with different catalytic mechanisms, and nine families are not enclosed in any determined clan. Most reported plant cysteine peptidases are located in clan CA. However, in recent years, an increased number of cysteine peptidases from clan CD have been characterized. In plants, members belonging to the clan CD families of C11 clostripains (only in some algae), C13 legumains and GPI:protein transamidases, C14 metacaspases, and C50 separases have been described (Cambra et al., 2010) .
Legumains are also named asparaginyl endopeptidases or vacuolar processing enzymes (VPEs), as they are vacuolar cysteine peptidases that produce the breakdown of peptidic bonds after aparagine or aspartic amino acid residues. These peptidases use a cysteine and a histidine to catalyse the enzymatic reaction. Legumains are synthesized at the rough endoplasmic reticulum (ER) as preprolegumains that, after signal peptide detachment, are converted into enzymatically inactive prolegumains (Muntz and Shutov, 2002) . These enter the secretory pathway and are transported to the vacuole or the cell wall, where they become active after the C-terminal (obligatory) and N-terminal (optional) propeptide detachment. Processing of legumains is performed autocatalytically at asparagine or aspartic residues in the P1 position. In plants, the activity of legumains is inhibited by the members of the cystatin family of peptidase inhibitors with an extension in the C-terminal part of the protein, where the legumain inhibitory activity is present (Martinez et al., 2007) .
In spite of their increasing functional impact, little is know on the physiological role of the different groups of legumains. Formerly, legumains were classified as seed legumains or vegetative legumains by sequence comparisons and tissue-specific gene expression (Muntz and Shutov, 2002) . Later studies established that legumains should not be grouped in this way as seed legumains are also expressed in vegetative organs and vegetative legumains in the seed (Gruis et al., 2004; Zakharov and Muntz, 2004) . Therefore, evolutionarily unrelated plant legumains could be acting at the same time in different physiological processes. To date, plant legumains have been involved in: (i) protein processing in different plant organs (Muntz and Shutov, 2002) , and (ii) programmed cell death (PCD) in different plant tissues and in response to plant pathogens (Zhang et al., 2010; Radchuk et al., 2011) .
Legumains have a key role during the storage and degradation of reserve proteins in the seed of both monocot and dicot species. Several legumains have been involved in the correct processing of the storage legumins and napins in Arabidopsis and leguminous species Shimada et al., 2003; Gruis et al., 2004) , as well as in the correct proteolytic processing of the reserve protein proglutelin of rice (Wang et al., 2009; Kumamaru et al., 2010) . During germination, legumains contribute to the mobilization of storage proteins by a direct proteolytic action or by the activation of other peptidases. In Vicia sativa, Phaseolus vulgaris and Glycine max, a joint action of legumains and papain-like cysteine peptidases is required to mobilize storage proteins (Schlereth et al., 2000; . In Vigna mungo and Oryza sativa, papain-like cysteine peptidases have to be processed by legumains to degrade reserve proteins (Okamoto and Minamikawa, 1999; Kato et al., 2003) . The capacity of processing proteins is not restricted to seeds. In the pollen of Papaver rhoeas, a legumain is involved in the processing of mitochondrial proteins (Bosch et al., 2010) . In leaf senescence, legumains have been associated with the activation of other hydrolases in Arabidopsis and maize (Rojo et al., 2003; Donnison et al., 2007) . In the tomato fruit, the activation of sugar-specific hydrolases is correlated with an increase in legumain expression (Ariizumi et al., 2011) . Recently, legumains have also been associated with the processing of precursors to obtain cyclic peptides (Mylne et al., 2012) .
PCD is a natural or induced process ubiquitous among living organisms that is controlled in animals by specialized cysteine peptidases named caspases (Lam, 2005) . In plants, no caspase homologues have been identified (Bonneau et al., 2008) , but proteins from some other families, such as metacaspases, subtilisins, phytaspases, and legumains, can exert caspase-like activity (Coffeen and Wolpert, 2004; Bozhkov et al., 2005; Hara-Nishimura et al., 2005; Chichkova et al., 2010) . In the developmental programme of the plant, legumains have been associated with the PCD of internal layers of the seed coat in Arabidopsis , with the PCD of maternal tissues in the seed of barley (Linnestad et al., 1998; Radchuk et al., 2011) , with the PCD correlated to heat shock through a signalling pathway involving reactive oxygen species and a MAP kinase in Arabidopsis , and with the PCD in tuber apical bud meristems related to the release of apical dominance in potato tubers (Teper-Bamnolker et al., 2012) . Several studies have described the function of legumains in the hypersensitive response (HR) against pathogens. In Arabidopsis, the overexpression of a legumain increases caspase activity and resistance against Pseudomonas syringae (Rojo et al., 2004) . In tobacco plants, legumain silencing prevents tobacco mosaic virus-induced HR and increases virus replication (Hatsugai et al., 2004) . More recently, legumains have been related to the HR induced by Erwinia amylovora in apple leaves (Iakimova et al., 2013) . Likewise, legumains have been associated with the PCD-related stomatal closure mediated by elicitors (Zhang et al., 2010) , the PCD mediated by H 2 O 2 (Deng et al., 2011) , and the PCD induced by several fungi to colonize the plant Qiang et al., 2012) . A role during the compatible interaction between Arabidopsis and the oomycete pathogen Hyaloperonospora arabidopsidis has also been demonstrated but is presumably independent of PCD (Misas-Villamil et al., 2012) .
From all these studies, only the Arabidopsis γVPE legumain has been described as physiologically active both in vegetative tissues and in the seed. In barley, seven legumains have been identified previously (Martinez and Diaz, 2008; Radchuk et al., 2011) . Among them, the legumain peptidases HvVPE2a or nucellain, HvVPE2b and HvVPE2d might be involved in nucellar PCD, and HvVPE4 might play a role in the PCD of the pericarp (Linnestad et al., 1998; Radchuk et al., 2011) . In this paper, the analysis of the entire legumain family in barley showed that members of both putative vegetative and seed legumains are almost ubiquitous and perform a multifunctional role in different organs of the barley plant.
Materials and methods

Barley databases searches
Searches for barley sequences were carried out at the IPK barley BLAST server (http://webblast.ipk-gatersleben.de/barley/) using the current Hordeum vulgare cv. morex genome release. BlastP searches were made in a recurrent way. First, a complete amino acid legumain barley sequence from data banks was used. Then, the obtained barley legumain sequences were used to search in their own species. In addition, TBlastN searches for legumains were performed in the publicly available barley full-length cDNA and EST databases at the National Institute of Agrobiological Sciences (NIAS) of Japan (http://barleyflc.dna.affrc.go.jp/hvdb/). Information about barley legumain gene models is available in Supplementary Table S1 at JXB online. Signal peptide analysis was performed using the SignalP version 4.1 program (http://www.cbs.dtu.dk/services/SignalP) (Petersen et al., 2011) .
Protein alignments and phylogenetic trees
In addition to barley sequences, legumain sequences for Arabidopsis thaliana, Oryza sativa ssp. japonica, Ricinus communis, Chlamydomonas reinhardtii, Chlorella vulgaris strain C-169, Chlorella sp. strain NC64A, Physcomitrella patens ssp. patens, Selaginella moellendorffii, Populus trichocarpa, and Sorghum bicolor were obtained from the accession numbers available from a previous legumain phylogenetics study (Cambra et al., 2010) . Two sequences from Zea mays were also used, ZmSee2a and ZmSee2b (accession nos CAC18099 and CAC18100). Alignments of the amino acid sequences were performed using the default parameters of MUSCLE version 3.8 (Edgar, 2004) . Alignments, ambiguities, and gaps were excluded from phylogenetic analysis using GBLOCKS version 0.91b (Castresana, 2000) . Phylogenetic and molecular evolutionary analyses were conducted using the programs PhyML version 3.0 (Guindon et al., 2010) and MEGA version 5.0 (Tamura et al., 2011) . The displayed legumain phylogenetic tree was reconstructed by means of a maximum-likelihood PhyML method using a BIONJ starting tree. The approximate likelihood-ratio test (aLRT) based on a Shimodaira-Hasegawa-like procedure was used as a statistical test for non-parametric branch support (Anisimova et al., 2011) . Trees were rooted using as outgroup protein sequences of the same family belonging to the non-plant species Ixodes scapularis (accession number EEC00748) and Haemophysalis longicornis (accession number BAF51711). All families were also analysed using maximum-parsimony and neighbour-joining algorithms, and with different gap penalties. No significant differences in the tree topologies were detected.
Subcellular localization in onion epidermal layers
Translational fusions of the open reading frames (ORFs) of the barley legumain genes HvLeg-2 and HvLeg-4 to the N terminus of the whole green fluorescent protein (GFP) reporter gene were made. The ORFs were cloned into the BamHI restriction site of the psmRS-GFP plasmid containing the cauliflower mosaic virus (CaMV) 35S promoter (Davis and Vierstra, 1998) . As a control, the plasmid pRTL2ΔNS/ss-RFP-HDEL was used as a localization marker. This plasmid contains the Arabidopsis chitinase signal sequence and the C-terminal HDEL retrieval signal, whose protein specifically localizes in the ER (Shockey et al., 2006) . Transient transformation of onion (Allium cepa) epidermal cells was performed by particle co-bombardment with a biolistic helium gun device (DuPont PDS-1000; BioRad) as described previously (Diaz et al., 2005) . Fluorescent images were acquired after 24 h of incubation at 22 ºC in the dark, using a Zeiss Axiophot microscope.
Real-time quantitative PCR analysis
For real-time quantitative PCR (qRT-PCR) studies, grains of barley (Hordeum vulgare) cv. Bomi were germinated at 22 ºC in the dark for 7 d and used to collect samples of leaves and roots. Developing endosperm at 10-22 d after flowering (daf) and immature embryo (18 daf) were prepared from kernels of plants grown in a greenhouse at 18 ºC under an 18 h light/6 h dark photoperiod. Mature embryos were isolated from dry barley cv. Bomi grains. Germinating embryos were obtained from imbibed grains at 8, 16, 24 and 48 h after imbibition (hai) at 22 ºC in the dark. All samples were frozen in liquid N 2 and stored at -80 ºC until used for RNA/ protein extraction. Isolated aleurone layers from embryoless barley grains (cv. Himalaya) were prepared (Moreno-Risueno et al., 2007) , incubated in the presence or absence of 1 μM gibberellic acid (GA) for 8, 16, 24 and 48 h in a calcium succinate buffer (20 mM sodium succinate, 20 mM CaCl 2 , pH 5.2) and then frozen. For abiotic treatments, plants were grown during 7 d after germination under a photoperiod of 16 h light/8 h dark. At the end of the last dark period, plants were sprayed with different solutions containing 1 mM salicylic acid (SA), 50 μM jasmonic acid (JA), 20 μM abscisic acid (ABA), or 100 μM sodium nitroprusside (SNP), or the leaves were slightly pressed with sandpaper for wounding treatment. The leaves were then collected at 1, 3, 9 and 24 h after treatment and frozen. For biotic stimuli, 7-d-old barley plants grown under the conditions described above were infected with aphids (Sitobium avenae or Rophalosiphum padi, Homoptera: Aphididae). Leaf samples were taken after 1 or 2 d (for aphids) and after 1, 2 or 7 d (for the acari) of feeding, and were frozen.
Total RNA was extracted from frozen samples by a phenol/chloroform method, followed by precipitation with 3 M LiCl (Lagrimini et al., 1987) and digestion with DNAse. cDNAs were synthesized from 1 μg RNA using a High Reverse Transcription kit (Applied Biosystems) following the manufacturer's instructions. qRT-PCR analyses were performed for duplicated samples on a CFX96 Realtime System (BioRad) using a SYBR Green detection system. Quantification was standardized to barley Actin2 mRNA levels. The primers used for PCR amplification were as follows: Actin2: forward, 5'-TCCACCGGAGAGGAAGTACAGT-3', and reverse, 5'-AATGTGCTCAGAGATGCAAGGA-3'; HvLeg-2: forward, 5'-CAGCGCTTGCAACGGCTACGA-3', and reverse, 5'-TGCAA GCGGATCAGGGCTGTG -3'; HvLeg-4: forward, 5'-TGCTTGAA CGAGCCTTAGGTGAAT-3' and reverse, 5'-ATATTTGTTGCC GGGGAGAGTTCT-3'.
Expression and purification of recombinant proteins from Pichia pastoris
The cDNA fragments spanning the whole HvLeg-2 and HvLeg-4 ORFs were amplified by PCR and inserted in frame into the expression vector pPICZαA (Invitrogen) for expression in Pichia pastoris cells as described previously (Santos-Silva et al., 2012) . The recombinant plasmids were linearized with PmeI and 1 μg was used to transform Pichia pastoris KM71H competent cells (Cregg, 2007) . The KM71H competent cells were electroporated and the transformants selected by plating in YPDS medium (1% yeast extract, 2% peptone, 2% dextrose, 1 M sorbitol, and 1.5% bacteriological agar) containing 100 μg ml -1 of zeocin. Several transformants were confirmed by PCR (Akada et al., 2000) and screened for expression in a small-scale culture (10 ml) under shaking flask conditions. The culture supernatants were analysed by SDS-PAGE and the clone with the highest level of expression was used to scale-up the protein production. A single colony of Pichia pastoris transformed with the recombinant plasmid was used to inoculate 10 ml of BMGY medium [1% yeast extract, 2% peptone, 100 mM potassium phosphate buffer (pH 7.0), 1.34% yeast nitrogen base, 4 × 10 -5 % biotin, 1% glycerol] and grown at 30 °C until an optical density at 600 nm (OD 600 ) of ~0.5 was reached. This culture was used to inoculate 500 ml of BMGY medium and grown until an OD 600 of ~0.5. The cells were harvested by centrifugation at 1500g for 5 min and the pellet was resuspended in 100 ml of BMMY medium (same as BMGY except that glycerol was replaced by 0.5% methanol) and incubated at 26 °C. To induce expression, methanol was added every 24 h to maintain a final concentration of 0.75%. To test legumain induction, samples were recovered every 24 h after methanol induction. After 96 or 120 h, the cells were harvested by centrifugation at 3500g for 15 min and the supernatant was first precipitated with ammonium sulphate (0-40% saturation), the pellet discarded, and then precipitated with ammonium sulphate (40-60% saturation) and the pellet resuspended in 50 mM sodium phosphate buffer (pH 7.0). Finally, the partially purified protein was dialysed against 50 mM sodium phosphate buffer (pH 7.0) overnight. The purification process was checked by SDS-PAGE. The final protein concentration was quantified using a BioRad kit with bovine serum albumin (BSA) as the standard.
Partially purified recombinant legumains were analysed by Western blotting. After separation by SDS-PAGE, proteins were electrotransferred onto nitrocellulose membrane (GE Healthcare). Western blotting was done with anti-HvLeg-2 (NH 2 -CSVSWMEDSETQDLKKESIK-CONH 2 ) or anti-HvLeg-4 (NH 2 -CDVHNLRTESLKQQYNLVKKR-CONH 2 ) peptide polyclonal antibodies. The antibodies were produced in rabbits by Pineda Antibody Services (Berlin, Germany). Optimal dilution of the antibodies at 1:5000 (v/v) in antiserum buffer (0.05 %, w/v, skimmed milk, 0.1%, v/v, 10× BSA and 0.001 % Tween 20) was used. Peroxidase-conjugated anti-rabbit IgG (Sigma) diluted at 1:10 000 (v/v) was used as secondary antibody for detection with ECL Plus (GE Healthcare).
Enzyme activity assays
The enzymatic activity of recombinant barley legumains was routinely determined using the fluorogenic substrate Z-AAN-AMC (N-carbobenzoxyloxy-Ala-Ala-Asn-7-amido-4-methylcoumarin; Bachem Bioscience) at 100 μM concentration, which is susceptible to degradation by legumains. Mixtures of protease and substrate were incubated in 50 mM HEPES buffer (pH 7.5), containing 2.5 mM dithiothreitol (DTT) for 5 h at 30 ºC. The system was calibrated with known amounts of AMC hydrolysis product in a standard reaction mixture. Triplicate assays were performed for determination of each value and the means and standard errors were calculated. Blanks were used to account for the spontaneous breakdown of substrates. Emitted fluorescence was measured with a 365 nm excitation wavelength filter and a 465 nm emission wavelength filter in a spectrofluorimeter GeniosPro (Tecan).
To determine the effect of pH, reactions were carried out in the following buffers: 50 mM citrate/phosphate buffer (pH range 3.0-7.0), 50 mM HEPES (pH 7.5) and 50 mM sodium borate (pH range 8.0-9.0) supplemented with 2.5 mM DTT for 5 h at 30 ºC. The effect of different temperatures was assayed in 50 mM HEPES buffer (pH 7.5), containing 2.5 mM DTT. Caspase activity was determined using the fluorogenic substrates AC-VEID-AMC (N-acetylVal-Glu-Ile-Asp-7-amido-4-methylcoumarin, caspase-6 substrate; Bachem Bioscience) or AC-YVAD-AMC (N-acetyl-Tyr-Val-AlaAsp-7-amido-4-methylcoumarin, caspase-1 substrate; Bachem Bioscience) at 25 μM concentration in 50 mM HEPES buffer (pH 7.5) or 50 mM citrate/phosphate buffer (pH 5.0), containing 2.5 mM DTT for 24 h at 30 ºC.
HvLeg-2 and HvLeg-4 hydrolysis of stored proteins from barley grains
Albumins and globulins were sequentially extracted from barley (cv. Bomi) grains (Shi and Xu, 2009 ). Dry barley grains were completely crushed in a mortar, resuspended in distilled water and continuously stirred for 12 h at 4 ºC. Soluble and insoluble fractions were separated by centrifugation at 8000 rpm for 30 min at 4 ºC. The supernatant was enriched in albumins. Globulins were extracted from the pellet by adding 5% (w/v) NaCl in distilled water at 4 ºC. After a second centrifugation step at 8000 rpm for 30 min, the recovered soluble fraction was enriched in globulins. Hordeins were extracted from dry barley grains after incubation in a buffer containing 55% (v/v) 2-propanol and 1% (v/v) 2-mercaptoethanol, for 1 h at 60 ºC and centrifugation for 10 min at 12 000 rpm (Martinez et al., 2009) . Protein concentrations were determined using a BioRad kit and BSA as a standard.
The capacity of the barley HvLeg-2 and HvLeg-4 legumains to degrade grain storage proteins was checked by incubating 6 μg of different barley protein fractions (hordeins, albumins, and globulins)
Inhibitory activity of cystatins against HvLeg-2 and HvLeg-4
Inhibition of the recombinant barley legumain activities was determined spectrofluorometrically, based on the previously described procedure, using the fluorogenic substrate Z-AAN-AMC. The enzyme was incubated in 50 mM HEPES buffer (pH 7.5), containing 2.5 mM DTT at 30 °C with different concentrations of the peptidase inhibitors iodoacetamide (Sigma) or the barley cystatin HvCPI-4 (Martinez et al., 2007) for 10 min. The substrate was then added and the reactions were incubated for 5 h at 30 ºC. The IC 50 value was determined from the residual cysteine peptidase activity.
In vivo binding of barley legumains and HvCPI-4 cystatin was determined by bimolecular fluorescence complementation. The HvLeg-2 and HvLeg-4 genes were fused in frame to the C-terminal non-fluorescent fragment of the Gfp gene (corresponding to the last 85 aa of the GFP protein), using plasmids and procedures described previously (Diaz et al., 2005) . Similarly, the Icy4 cystatin gene was fused to the N-terminal non-fluorescent fragment of the Gfp gene (corresponding to the first 154 aa of the GFP protein). Co-bombardment of inner epidermal layers isolated from onion was carried out (Diaz et al., 2005) and the fluorescence emission was observed after 48 h of incubation at 22 ºC in the dark, using a Zeiss Axiophot microscope.
Results
Phylogenetic and sequence analysis of barley legumains
In barley, seven legumains, HvLeg-1 to -7, have been described previously (Table S1 ). The best way to find all the members of a protein family is to search in the genomic sequence (Martinez, 2011) . From searches in the newly sequenced barley genome, a novel legumain gene was annotated (HvLeg-8), which was also detected in the barley full-length cDNA database at the NIAS of Japan. The eight proteins encoded by these genes had a high level of amino acid conservation as denoted by the alignment of their amino acid sequences, with the reactive H and C residues in fully conserved DHG and ACE motifs (Fig. S1) . In order to evaluate their phylogenetic relationships, the entire deduced amino acid sequences of the eight barley legumains were compared with the amino acid sequences of different proteins from the Viridiplantae kingdom found in the databanks. From this alignment (Fig.  S2) , an unrooted phylogenetic tree was constructed using the PhyML method (Fig. 1) . The angiosperm proteins grouped in two major clusters (groups A and B) supported by high aLRT values and separated from the algal, moss, and spikemoss proteins. Interestingly, putative orthologous relationships were detected from the barley and other monocot proteins, which clustered separately from dicot legumains. Barley HvLeg-1, -2, -3, -6, and -7 belonged to group A, whereas HvLeg-4, -5, and -8 legumains belonged to group B. For further characterization and analysis, HvLeg-2 and HvLeg-4 were selected as representative members of each group. Both proteins had a putative signal peptide in the N-terminal end and two putative propeptides in the N-and C-terminal regions (Fig. S3) .
Barley legumain proteins are localized in the ER
To determine the legumain subcelular localization within the plant, the ORFs of the HvLeg-2 and -4 genes were cloned into an expression vector that fused GFP to the C terminus of the protein. Onion epidermal layers were transiently transformed with these constructs, with the psmRS-GFP plasmid containing the CaMV 35S promoter, or with the plasmid pRTL2ΔNS/ss-RFP-HDEL containing the C-terminal HDEL signal whose protein specifically localized in ER. As shown in Fig. 2 , both legumain proteins were detected throughout the entire ER network, which was continuous with the nuclear envelope, as revealed by their colocalization with the fluorescence emitted by the ER-plasmid control.
Barley legumains are expressed in both vegetative and germinative tissues and respond to biotic and abiotic stimuli
To investigate the expression pattern of the barley HvLeg-2 and HvLeg-4 legumain genes, qRT-PCR normalized to barley Actin2 mRNA levels was carried out.
First, the pattern of transcript accumulation for barley legumains was investigated in the major barley tissues. RNA samples were prepared from developing endosperm at 10, 14, 18, and 22 daf, from immature (18 daf), dry, and germinating embryos at 8, 16, 24, and 48 hai, aleurones with or without GA treatment collected at 8, 16, 24, and 48 hai, and from 7-d-old leaves and roots. Specific primers were designed to amplify each legumain gene. The results, expressed as legumain mRNA content normalized to barley Actin2 mRNA levels, indicated that both legumains were expressed in vegetative and germinative tissues although their expression patterns varied widely (Fig. 3) . HvLeg-2 transcripts mainly accumulated in developing endosperms, immature embryos, leaves, and germinating aleurones, where its expression was induced by GA. HvLeg-4 mRNAs were preferentially detected in germinating embryos and leaves, and were undetectable in developing endosperms and immature embryos. Both genes were also expressed in mature embryos and roots but at lower levels.
In addition, the expression of barley legumains in leaves pushed us to analyse possible responses to abiotic and biotic stimuli. For this, several abiotic and biotic treatments were carried out on 7-d-old barley leaves. For the abiotic treatments, barley leaves were incubated in the presence or absence of the hormones SA, JA or ABA, the nitric oxide (NO) donor SNP, or were exposed to mechanical wounding. Samples were collected after treatments at 1, 3, 9, and 24 h. The results in Fig. 4 (upper graph) showed a quick and transient increase in the expression of HvLeg-2 mRNA in response to SA and JA treatments, a slow but strong induction increase after NO exposure, and a moderate enhancement of transcript accumulation after ABA treatment. HvLeg-4 expression was transiently induced by mechanical wounding after 1 h of treatment and was strongly enhanced by NO after 9 h of treatment. In contrast, HvLeg-4 was repressed after ABA exposure.
As shown in Fig. 4 (lower graph), whereas HvLeg-4 expression did not change after biotic treatment, HvLeg-2 expression increased after 24 and 48 h of infestation with the aphids Ropalosiphum padi and Sitobium avenae in comparison with the basal expression observed in the non-infected control plants.
Recombinant active HvLeg-2 and HvLeg-4 proteases purified from Pichia pastoris cultures
To analyse further the protease properties of the HvLeg-2 and HvLeg-4 proteins, they were expressed as recombinant proteins in Pichia pastoris cultures. To test legumain induction, the breakdown activity of the supernatants recovered every 24 h was analysed on the legumain-specific substrate Z-AAN-AMC. A maximum legumain activity was obtained by HvLeg-2 and HvLeg-4 supernatants at 120 and 96 h of induction, respectively (Fig. S4A ). The barley legumains were then partially purified from the supernatants and the purification process checked by SDS-PAGE (Fig. S4B) . A major band of 41 kDa corresponding to the active form of both legumains was observed. Western blot analysis using specific antibodies confirmed that the major bands corresponded to the HvLeg-2 and HvLeg-4 barley legumains. A detailed analysis of the activity of both legumains under different conditions of pH and temperature established that both legumains were more active when the reactions were incubated at pH 7.5 and a temperature of 37 ºC (Fig. S5) .
HvLeg-2 and HvLeg-4 legumains are able to degrade caspase substrates
As several plant legumains have the capacity to degrade caspase substrates, we tested whether barley HvLeg-2 and HvLeg-4 legumains could produce the breakdown of two different substrates, the caspase-1 substrate Ac-YVAD-AMC and the caspase-6 substrate AC-VEID-AMC. As shown in Fig. 5 , at pH 7.5 both peptidases presented their highest activities against the legumain substrate Z-AAN-AMC, but their capacity to degrade the caspase substrates was low. In contrast, at pH 5.0, neither legumain degraded the legumain substrate but they were very active against the caspase-1 substrate. Likewise, the HvLeg-4 protease clearly increased its capacity to degrade the caspase-6 substrate at pH 5.0.
HvLeg-2 may hydrolyse storage proteins of the barley grain
The functional relevance of barley legumains in the grain was investigated by analysing the implication of both proteins in the mobilization of different storage proteins during grain germination. Hordeins are the most abundant proteins that accumulate in the mature barley grain, together with albumins and globulins (Martinez et al., 2009) . The different reserve protein types were extracted and incubated with the recombinant HvLeg-2 and HvLeg-4 peptidases. Whereas the addition of HvLeg-2 to the extract did not change the hordein and albumin pattern, a total degradation of globulin bands was detected (Fig. 6A) . This degradation was progressive with incubation time (Fig. 6B) . In contrast, the barley legumain HvLeg-4 was not able to degrade any of the different storage proteins tested (data not shown).
Recombinant cystatin HvCPI-4 interacts with HvLeg-2 and is able to inhibit HvLeg-2 and HvLeg-4 protease activity
HvCPI-4 is the only barley cystatin that has the C-terminal extension required to inhibit legumain activity (Martinez et al., 2007) . To test the inhibitory capacity of the HvCPI-4 against HvLeg-2 and HvLeg-4 legumain activity, the cystatin was purified from Escherichia coli cultures as a recombinant protein. Inhibitory assays were done against barley legumains using the optimal conditions described above. The HvCPI-4 cystatin was able to inhibit both legumain activities (Fig. 7A) . However, its capability to block legumain activity was higher against HvLeg-2 (EC 50 0.33 μM) than against HvLeg-4 (EC 50 0.87 μM).
To assess whether the interaction between barley HvCPI-4 and legumain peptidases observed in vitro was also produced in a cellular context, we used the bimolecular fluorescence complementation assay to detect protein-protein interactions in the plant cell. Constructs containing the entire ORFs of the peptidases translationally fused to the N-terminal GFP fragment and the entire ORF of the cystatin fused to the C-terminal GFP fragment were co-bombarded into onion epidermal layers. When the cystatin-legumain interaction took place, the fluorophore was reconstituted and fluorescence was emitted. Microscopic observations showed an interaction between the HvCPI-4 cystatin and the HvLeg-2 legumain in plant cells, targeted to the ER network (Fig. 7B) . Interaction between HvCPI-4 and HvLeg-4 was not observed, probably due to a lower affinity, as suggested by the minor inhibitory capacity of HvCPI-4 on HvLeg-4 legumain activity. No fluorescence was detected when the two GFP fragments alone were co-bombarded (data not shown).
Discussion
The legumains or VPE enzymes are cysteine peptidases with an increasingly recognized functional impact in many plant physiological processes. The establishment of specific roles to the different members joined to a correct phylogenetic classification detecting orthologous and clusters of orthologous Values were expressed as relative mRNA level of barley legumain genes and were standardized to the barley Actin2 mRNA content. RNA was extracted from developing endosperms at 10 (E1), 14 (E2), 18 (E3), and 22 (E4) daf, immature embryos (iE), mature embryos (mE), germinating embryos, aleurones with or without GA treatment collected at 8 (G1, A1), 16 (G2, A2), 24 (G3, A3) and 48 (G4, A4) hai, 7-d-old leaves (L) and roots (R). Triplicate assays were performed for the determination of each value and the means ±standard errors were calculated.
proteins is one way to attribute putative functions to noncharacterized members. In this way, legumains were formerly classified as seed legumains or vegetative legumains by a phylogenetic approach based on sequence comparisons and tissue-specific gene expression (Muntz and Shutov, 2002) . Later studies established that seed legumains are also expressed in vegetative organs and vegetative legumains in the seed (Gruis et al., 2004; Zakharov and Muntz, 2004) . Therefore, a wide distinction between seed and vegetative legumains is not sufficiently informative to assign a role for each legumain in the plant. The classification of barley legumains is confusing. There are two different notations (Martinez and Diaz, 2008; Radchuk et al., 2011) that have named them as HvLegs and HvVPEs, respectively. In this paper, we maintained the notation of the former five legumains reported previously (Martinez and Diaz, 2008) , adding the two legumains detected more recently (Radchuk et al., 2011 ) and a novel protein from an in-depth search of the barley genome. These eight barley proteins belonged to the two main legumain groups in which the angiosperm legumains are distributed. Barley HvLeg-1, -2, -3, -6, and -7 belonged to the group determined previously as the seed legumains, along with OsLeg-1 (REP-2), which activates other cysteine peptidases during rice germination (Kato et al., 2003) , and AtLeg-3 (βVPE) and OsLeg-2 (OsVPE-1), which are key players in the correct processing of stored proteins during seed development in Arabidopsis and rice (Gruis et al., 2004; Wang et al., 2009) . were in the group of putative vegetative legumains. From this group, the maize legumain ZmSee2a has been involved in the senescence process (Donnison et al., 2007) , and the Arabidopsis proteins AtLeg-1 (αVPE) and AtLeg-2 (γVPE) are upregulated in response to different abiotic and biotic stresses (Hara-Nishimura and Hatsugai, 2011; Li et al., 2012) , with AtLeg-2 also being important in seed development (Gruis et al., 2004) . Within this group is the phylogenetically more distant AtLeg-4 (δVPE), which is representative of the so-called seed-coat legumains that are specifically expressed in two cell layers of the inner integument of the seed where they contribute to the PCD of these tissue . Previously, several barley legumains from both phylogenetically detected groups have been associated with PCD processes in the developing grain. HvLeg-2 (HvVPE2b), HvLeg-3 (HvVPE2d), and HvLeg-7 (HvVPE2a or nucellain) from the first group have been involved in nucellar PCD, and a member of the second group, HvLeg-5 (HvVPE4), is thought to play a role in the PCD of the pericarp (Linnestad et al., 1998; Radchuk et al., 2011) . No expression had been showed in other organs of the plant. To check whether legumains of both groups could also have a role in vegetative tissues, HvLeg-2 and HvLeg-4 were selected as representative members of each group. Both proteins have similar subcellular locations (in the ER) and partially purified recombinant proteins have similar proteolytic activity properties (optimal pH and Tª, and in vitro capacity to degrade chemical fluorogenic substrates). Therefore, their functional specificities might be more correlated with their spatio-temporal expression patterns and their specificity towards natural plant protein substrates.
HvLeg-2 is expressed in all seed and vegetative analysed tissues. Its higher expression has been detected during the early stages of the endosperm development, which fits with its putative role in the nucellar PCD (Radchuk et al., 2011) , although it has also been related to the processing of storage proteins similar to that described for its putative rice orthologue, OsVPE-1 (Wang et al., 2009; Kumamaru et al., 2010) . This legumain is also expressed during seed germination, where GA induced its expression. Gibberellins are phytohormones synthesized in the embryo during germination that are translocated to the aleurone layer where they induce the synthesis and secretion of hydrolytic enzymes to degrade the proteins accumulated in the amylaceous endosperm. Therefore, HvLeg-2 should also have a role in the mobilization of storage proteins, either by a direct proteolytic action or by processing and activation of other peptidases, as was suggested previously for some other plant legumains (Okamoto and Minamikawa, 1999; Kato et al., 2003; .
In this way, we demonstrated the capacity of HvLeg-2 to degrade storage seed globulins, which confirms its role as a hydrolytic enzyme against storage proteins. Likewise, it could also participate in the processing of other peptidases, such as the papain-like cysteine peptidases induced by GA that degrade hordeins (Martinez et al., 2009; Cambra et al., 2012) , in a similar manner to the action of the legumain REP-2 on the papain-like peptidase REP-1 in germinating rice seeds (Kato et al., 2003) . The functionality of HvLeg-2 in the seed could be regulated by its putative proteinaceous inhibitors, the phytocystatins that present a C-terminal extension where the legumain inhibitory domain is located (Martinez et al., 2007) . In barley, only one cystatin has this extension, the HvCPI-4 protein. This cystatin is also expressed in the developing and germinating seed (Martinez et al., 2009) , is able to inhibit the proteolytic action of HvLeg-2 in vitro, and is located in the cell secretory pathway, and the interaction between both proteins has been demonstrated in a cellular context. All these data confirm the capacity to modulate HvLeg-2 activity by HvCPI-4. HvLeg-4 is expressed mainly in the leaves but is also expressed during the seed germination process. Its expression in the seed is not induced by GA and it is unable to degrade the main barley storage proteins. Therefore, although a role might be proposed for HvLeg-4 during seed germination, we have no data to infer the physiological function in which this protein would be acting. As stated previously, both HvLeg-2 and HvLeg-4 legumains are expressed in the leaves, which implies a role for these two proteins in this tissue. HvLeg-2 could participate in plant defence, as its expression is quickly induced in response to the defence-related hormones SA and JA. SA is a key hormone in inducing the expression of defence genes, establishing the HR that leads to the PCD in response to pathogens, and in developing a systemic acquired response (Vlot et al., 2009) . In this context, it has been reported that legumains are necessary to activate PCD during the HR caused by virus attack (Hatsugai et al., 2004) . This action has been correlated to the legumain caspase activity (Rojo et al., 2004) , which has also been detected for HvLeg-2. Therefore, HvLeg-2 could be acting in the early defence against pathogen attack by its participation in the PCD associated with the HR. SA has also been related to the defensive response against herbivore arthropods, in which JA plays a key role (Howe and Jander, 2008) . As HvLeg-2 is induced by aphid treatments, the HvLeg-2 protein could participate in the JA and SA signalling pathways, producing PCD in response to pest attack. In the same way, the production of NO follows the recognition of elicitors from phytopathogens by the plant cell. Subsequent signal transduction induces HR and stomatal closure (Melotto et al., 2008) . In Nicotiana benthamiana, a legumain functions not only in elicitor-induced HR but also mediates elicitor-triggered stomatal closure via NO signalling (Zhang et al., 2010) . The induction of HvLeg-2 by NO treatment supports a role of this legumain in plant defence. HvLeg-4 could also participate in defence responses, as its expression is induced by wounding and NO.
Both legumains could also participate in responses to abiotic stresses. HvLeg-2 is induced and HvLeg-4 repressed by ABA treatment. Changes in the accumulation of legumain transcripts after ABA exposure has been reported previously in a sugarcane legumain (Santos-Silva et al., 2012) . The accumulation of HvLeg-2 transcripts after ABA and NO treatments could imply a role for this legumain in the control of some physiological events mediated by the interaction of ABA and NO signalling pathways. The repression of HvLeg-4 transcription after ABA treatment, together with its induction by NO, suggests the involvement of this legumain in physiological processes mediated by a NO signalling pathway antagonistic to the ABA signalling pathway. NO has been related to different PCD events in response to several biotic and abiotic stimuli, such as cadmium and heat-shock treatments Ye et al., 2012) . In the response to heat-shock treatment, a legumain from Arabidopsis has a key role . Hence, HvLeg-4 might be implicated in PCD in response to different stimuli associated with NO formation.
In conclusion, barley legumains that belong to different phylogenetic groups play a role in various physiological processes that occur in different tissues of the plant. Phylogenetically distant legumains are involved and could be cooperating during the maturation and germination of the barley seed and also in the responses of the vegetative tissues of the plant to different biotic and abiotic stresses. Therefore, legumains should no be longer classified as vegetative or seed proteins due to the wider context of their function, similar to that achieved by other groups of peptidases. This multifunctionality could be a consequence of the numerous processes that have appeared during the evolution of angiosperms that have to be regulated by the small number of members of this peptidase family. Further analysis of the overexpression and silencing of these genes in the barley plant will permit us to determine in more detail the exact role of each barley legumain.
